The 5-phosphoinositol phosphatase SHIP negatively regulates signaling pathways triggered by antigen, cytokine and Fc receptors in both lymphocytes and myeloid cells. Mice with germ-line (null) deletion of SHIP develop a myeloproliferative-like syndrome that causes early lethality. Lymphocyte anomalies have been observed in SHIP-null mice, but it is unclear whether they are due to an intrinsic requirement of SHIP in these cells or a consequence of the severe myeloid pathology. To precisely address the function of SHIP in T cells, we have generated mice with T cell-specific deletion of SHIP. In the absence of SHIP, we found no differences in thymic selection or in the activation state and numbers of regulatory T cells in the periphery. In contrast, SHIP-deficient T cells do not skew efficiently to Th2 in vitro. Mice with T cell-specific deletion of SHIP show poor antibody responses on Alum/NP-CGG immunization and diminished Th2 cytokine production when challenged with Schistosoma mansoni eggs. The failure to skew to Th2 responses may be the consequence of increased basal levels of the Th1-associated transcriptional factor T-bet, resulting from enhanced sensitivity to cytokine-mediated T-bet induction. SHIP-deficient CD8 ؉ cells show enhanced cytotoxic responses, consistent with elevated T-bet levels in these cells. Overall our experiments indicate that in T cells SHIP negatively regulates cytokine-mediated activation in a way that allows effective Th2 responses and limits T cell cytotoxicity.
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cytotoxicity ͉ T-bet T he 5Ј-inositol phosphatase SHIP is a well characterized inhibitory molecule that regulates cell responses in lymphocytes and myeloid cells by its ability to hydrolyze the second messenger PI (3, 4, 5) trisphosphate (1) (2) (3) (4) . SHIP is recruited by engagement of the inhibitory Fc receptor in B cells and mast cells (5) (6) (7) (8) or by the engagement of FcRs (FcRI and Fc␥RIII), cytokine [interleukin 3 (IL3), granulocyte-macrophage colony-stimulating factor (GM-CSF), and TGF␤], and growth factor (steel factor and M-CSF) receptors in myeloid cells (2, 9) . Once SHIP is recruited to the membrane by the signaling complexes, its enzymatic activity depletes PI(3,4,5)P 3 and prevents membrane localization of PHdomain-containing factors such as Tec kinases, Akt, and PLC␥ (10) (11) (12) (13) . This inhibitory effect ultimately leads to reduced calcium influx and prevents cellular activation (14) .
Germ-line deletion of SHIP in mice leads to early mortality from a myeloproliferative-like syndrome characterized by profound splenomegaly and massive myeloid infiltration of the lung (15) . B cells develop abnormally in SHIP-null mice, with an activated phenotype and specifically lacking the marginal zone B cell population (16, 17) . The absence of marginal-zone B cells in SHIP-null mice has been explained not as a B cell primary defect, but as a consequence of macrophage dysregulation in the spleen of these animals (17) . Macrophages from SHIP-null mice are skewed toward an M2-activated phenotype showing high levels of arginase I (ArgI) and Ym1. Rauh et al. (18) suggested that SHIP might repress M2 skewing by regulating macrophage responses to TGF␤. SHIP's role in regulating T cells has been less clearly established because these cells lack expression of FcRs and cytokine receptors like IL3R and GM-CSF-R, more commonly linked to SHIP function. Several lines of evidence from experiments in vitro have pointed toward a regulatory role of SHIP in T cells. First, Edmunds et al. (19) reported that SHIP is tyrosine phosphorylated in response to TCR and CD28 ligation. Second, Freeburn et al. (20) showed that SHIP regulates PI3K effectors in Jurkat cells. Third, Tomlinson et al. (21) showed that SHIP interacts with the Tec kinase and inhibits its function in T cells. Finally, SHIP was found to be part of a negative signaling complex associated with LAT (22) . T cell populations in SHIP-null mice are slightly reduced, but maintain the proper CD4/CD8 ratios both in the thymus and periphery (15) . Thus, SHIP does not appear to have a significant impact on T cell development. Peripheral T cells from SHIP-null mice have been shown to be constitutively activated and to give rise to increased numbers of CD4 ϩ CD25 ϩ regulatory T cells (23) . However, given that SHIP-null mice develop severe myeloproliferative disease, it is unclear whether the differences observed in T cell function are due to a T cell-intrinsic role of SHIP or are simply the consequences of the inflammatory environment brought about by SHIP-deficient myeloid cells. To avoid the pleotropic effects of the SHIP-null deletion, we have examined T cell function when disruption of the SHIP gene occurs exclusively in the T cell lineage. We have found that T cell-specific deletion of SHIP does not alter T cell development, activation state, or the number of regulatory T cells. Instead, we have uncovered a regulatory role of SHIP in controlling Th1/Th2 bias and cytotoxic responses as a result of its inhibitory effect on cytokine-induced T-bet expression.
Results
Normal T Cell Development and TCR Signaling in Mice with a Conditional Deletion of SHIP in the T Cell Lineage. To obtain mice with T cell-specific deletion of SHIP, we crossed mice containing a loxPflanked SHIP gene (17) with mice transgenic for Cre recombinase driven by the CD4 promoter (24) . The resulting mice were designated CD4cre SHIP fl/fl mice. Nontransgenic SHIP fl/fl littermates served as controls in all experiments. We confirmed that T cells from CD4cre SHIP fl/fl mice have no detectable SHIP expression by Western blot, whereas non-T splenocytes expressed normal levels of SHIP (Fig. 1A) . SHIP mRNA was reduced at least 10-fold in DP and SP thymocytes [supporting information (SI) Fig. 7 ]. Thus, this system efficiently and specifically deletes SHIP from T cells.
CD4cre SHIP fl/fl mice were healthy and had a lifespan comparable to SHIP fl/fl littermates. Histological examination of kidneys and lungs showed no evidence of the myeloproliferative pathology that had been observed in SHIP-null mice (15) .
The total number of lymphoid cells in the thymus, spleen, and lymph nodes were the same in CD4cre SHIP fl/fl and SHIP fl/fl mice. This result was observed in CD4cre SHIP fl/fl mice expressing three different transgenic TCRs, namely the OVA-specific MHC class I-restricted OT-I, the OVA-specific MHC class II-restricted OT-II, and the MCC-specific MHC class II-restricted 5C.C7. Flowcytometric analysis of the thymus and peripheral tissues revealed normal percentage of T cell populations in mice with T cell-specific deletion of SHIP (SI Table 1 ). Mice with germ-line deletion of SHIP were shown to have an increased number of regulatory T cells (23) . The number of regulatory T cells in CD4cre SHIP fl/fl mice, judged by the percentage of FoxP3 ϩ cells in spleen, was similar to that of wild-type mice (SI Table 1 ). Altogether, these experiments establish that SHIP does not have an essential role in thymic selection or in T cell development in the periphery.
We next tested whether SHIP regulates signaling through the TCR, but we found no differences in the level of phosphorylation of ERK, Akt, Zap-70, or PLC␥1 on polyclonal activation with anti-CD3 in SHIP-deleted cells compared with T cells from wildtype mice ( Fig. 1 B and C) . There were no differences in Akt or Gsk phosphorylation on CD28 engagement alone (SI Fig. 8 ). We found no differences in the calcium influx triggered by CD3 engagement (Fig. 1D ) or in the ex vivo proliferation of freshly isolated T cells from mice with T-specific deletion of SHIP, even with single specificity TCRs in the OVA-specific OT-I/OT-II transgenics ( Fig.  1 F-H) . SHIP deletion had no effect on the extent of IL2 production on CD3/CD28 Ϯ IL2 stimulation (Fig. 1E) . We did not observe differences in the antigen-driven in vivo expansion of OT-I CD4cre SHIP fl/fl T cells compared with controls (Fig. 1I ). The same result was obtained with OT-II CD4cre SHIP fl/fl T cells in this assay (data not shown).
Reduced Humoral Response and Inefficient Th2 Skewing in Mice with
T Cell-Specific Deletion of SHIP. The ability of SHIP-deficient T cells to provide B cell help was measured in immunization experiments. We separately tested responses to the Th2-inducing adjuvant, Alum, and to RIBI adjuvant, which induces a more Th1-type of response. CD4cre SHIP fl/fl mice showed significantly diminished NP-specific response after immunization with Alum/NP-CGG ( Fig.  2A ), whereas they were at least equally effective in mounting a TNP-specific antibody response against RIBI/TNP-KLH ( Our observation that deletion of SHIP in T cells affects the humoral response to immunization with Alum as an adjuvant and preferentially reduces the levels of Th2 cytokines suggested to us that SHIP might have a role in regulating Th1/Th2 skewing in T cells. Thus, we analyzed cytokine production of SHIP-deficient naive CD62L ϩ CD4 ϩ T cells in polarizing conditions in vitro. Although we found no significant differences under Th1 polarizing conditions (Fig. 3A) , T cells from CD4cre SHIP fl/fl mice produced significantly lower levels of IL4, IL5, and IL13 under Th2 skewing conditions ( Fig. 3B ) and markedly lower levels of IL4, IL5, and IL13 and higher levels of IFN␥ under nonpolarizing conditions (Fig. 3C ). When tested for Th17 skewing, CD4cre SHIP fl/fl T cells cultured with IL6 and TGF␤ resulted in IL17 mRNA levels comparable to that produced by SHIP fl/fl T cells (data not shown).
Mice with T-Specific Deletion of SHIP Show Altered Response to S.
mansoni. To further investigate the role of SHIP in shaping Th2 responses in vivo, we challenged our mice with eggs from S. mansoni, a type 2 response-inducing helminth. When injected i.v., S. mansoni eggs lodge in lungs and induce the development of eosinophilic granulomas as well as Th2 cytokine production by T lymphocytes. We observed that egg injection resulted in slightly smaller granulomas and somewhat reduced levels of eosinophils in the lung and significantly lower levels of IL13 R␣2 in serum of CD4cre SHIP fl/fl mice compared with SHIP fl/fl controls (Fig. 4A) . In vitro challenge of T cells from the draining mediastinal lymph nodes with ConA or Schistosome egg antigen (SEA) showed a significant reduction in the production of IL4 and IL5 in the culture supernatants ( Fig. 4B ) and reduced proliferation (Fig. 4C ) in T cells coming from egg-challenged mice with T cell-specific deletion of SHIP.
Absence of SHIP Does Not Alter the Sensitivity to TCR Signaling but
Increases Basal Levels of T-bet. Because low-peptide concentration can skew T cell responses toward a Th2 response (25) , one possible explanation for the inefficient type 2 responses in SHIP-deleted T cells could be an increase in signal strength that precludes IL4 expression at low-peptide conditions. To test this possibility, we determined the proliferation of purified naive T cells in vitro from OT-II CD4cre SHIP fl/fl (Fig. 5A ) or 5CC7 CD4cre SHIP fl/fl mice (Fig. 5B) in the presence of variable concentrations of peptide. We observed that the deletion of SHIP had no effect either in the proliferative efficiency (Fig. 5 A and B) or in the early (24-h) induction of T-bet and GATA-3 transcription factors (Fig. 5 C and  D) over a wide range of peptide concentrations. However, we did find consistent and significant differences, 2-fold up-regulated in CD4cre SHIP fl/fl mice, in the basal levels of T-bet in freshly purified naive CD4 ϩ CD62L ϩ cells (Fig. 5E ). We found this increase of T-bet in CD4cre SHIP fl/fl was not due to differences in the kinetic of degradation of T-bet mRNA (SI Fig. 9 ).
Knowing that SHIP is a well established regulator of cytokine signaling in myeloid cells (2) and having found no effect on TCR-mediated activation in the absence of SHIP, we hypothesized that SHIP-deleted T cells might have increased levels of T-bet as a result of enhanced sensitivity to cytokine signaling. T-bet levels in T cells are increased in response to IFN␥ activation and inhibited in the presence of TGF␤ (26, 27) . SHIP has previously been shown to regulate TGF␤ function in macrophages (18) . Moreover, the tyrosine phosphatase SHP-1, which inhibits signaling pathways triggered by the same immune receptors as SHIP, is essential for the TGF␤ inhibition of IFN␥ induction of T-bet expression (28) . Freshly isolated CD4cre SHIP fl/fl and control CD4 ϩ T cells were stimulated with a combination of anti-CD3 and anti-CD28 and with IFN␥ and TGF␤ separately and in combination. We observed that, although T-bet was up-regulated similarly after 24 h IFN␥ induction, SHIP-deleted T cells did not respond to the inhibitory effect of TGF␤ in this assay (Fig. 5F ). Additionally, we found increased STAT-1 phosphorylation in unstimulated cells (Fig. 5G) or after IFN␥ stimulation of CD4cre SHIP fl/fl cells for 15 min (Fig. 5H ), whereas we found no differences in STAT-6 phosphorylation on IL4 treatment in the same cells (data not shown).
SHIP Regulates CD8 ؉ Cytotoxicity. Because both CD4 ϩ and CD8 ϩ cells lack expression of SHIP in CD4cre SHIP fl/fl mice ( Fig. 1 A and  SI Fig. 7) , we sought to determine whether SHIP deletion results in elevated T-bet levels and altered function in CD8 ϩ cells. As shown in Fig. 6A , we found 60% more T-bet mRNA in freshly purified SHIP-deficient CD8 ϩ cells compared with controls. T-bet has been reported to regulate effector CD8 ϩ T cell function (29), so we expected SHIP-deleted T cells to be more efficient in cytotoxic assays. To test cytotoxic function in CD4cre SHIP fl/fl and control OT-I cells, peripheral CD8 ϩ cells were primed with APC/OVA peptide for 72 h, rested for 4 days, and incubated for 6 h with the mixture of CFSE-labeled EG7.OVA targets (dim) and EL-4 reference (bright) control cells. Cytolitic efficiency was significantly higher for SHIP-deleted T cells in all effector/target ratios used (Fig. 6B) . This enhanced function of CD4cre SHIP fl/fl OT-I CD8 ϩ cells was due to increased granzyme B enzymatic function (Fig. 6C) .
Discussion
From the analysis of SHIP-null mice, Kashiwada et al. (23) reported that full expression of the inositol phosphatase SHIP was necessary to restrict the development of regulatory T cells. However, considering the highly pleiotropic phenotype of SHIP-null mice, it is difficult to evaluate whether there is a T cell-intrinsic role of SHIP in T cell development and function. The analysis of mice with T cell-specific deletion of the SHIP presented in this manuscript clearly establishes that deletion of SHIP in T cells does not alter T cell development, the number of regulatory T cells, or the activation status of T cells in the periphery. Our data also suggest that the inflammatory environment in SHIP-null mice is responsible for the observed increase in activated T cells and elevated number of Tregs. Our analysis of mice with conditional deletion of SHIP in the macrophage-granulocyte lineage, which also shows an activated T cell phenotype and increase numbers of Tregs, confirms this hypothesis (T.T. and S.B., unpublished data). Although in vitro experiments earlier showed that CD28 ligation stimulates SHIP tyrosine phosphorylation (19) , that SHIP is recruited to the LAT signaling complex on TCR stimulation (22) and can inhibit Tec signaling in T cells (21) , in our experiments, we see no evidence of a regulatory role of SHIP in TCR-or CD28-mediated signaling. SHIP-deleted T cells proliferate as efficiently as control T cells in both polyclonal or antigen-driven activation settings, even in cells bearing the single specificities of transgenic TCRs. TCR stimulation also induced the same level of IL2 and induced T-bet and GATA-3 at the same rate at any concentration of peptide. No difference was observed when CD28 was engaged in these cells, either with addition of anti-CD28 in polyclonal activation or the use of APCs expressing CD28 ligands. Overall these experiments argue against an important role for SHIP in shaping in vivo responses through the TCR or CD28 receptors. However, experiments reported in this manuscript uncover a role for the inositol phosphatase SHIP in shaping Th2 responses in T cells; we observed significant differences in the in vitro Th2 skewing conditions, in Alum-induced humoral responses, and in type 2 responses against helminth antigens in mice with T cell-specific deletion of SHIP. Because TCR-mediated activation is normal in the absence of SHIP, we speculate that SHIP-deleted T cells are biased against a Th2 response as a result of their increased sensitivity to activation through type 1 cytokines such as INF␥. We have found, for example, that SHIP mediates the inhibitory effect of TGF␤ over the INF␥-mediated activation. In agreement with this notion, SHIPdeficient T cells grown in nonskewing conditions produce higher levels of IFN␥ and lower levels of IL4, IL5, and IL13. We find increased phosphorylation of STAT1 in unstimulated and shortterm INF␥-stimulated SHIP-deficient T cells. This effect may be explained molecularly by the reported association of SHIP with PIAS1, a protein inhibitor of activated STAT (4, 30) . Consistent with this hypothesis of increased cytokine-mediated activation, we observed elevated basal levels of the type 1 transcription factor T-bet in SHIP-deficient purified naive T cells and reduced inhibition of T-bet levels by TGF␤. As reported by Szabo et al. (31) , these elevated levels of T-bet can repress the induction of Th2 responses and would bias subsequent responses toward a Th1 phenotype. The reduced Th2 responses are likely a result of an intrinsic bias toward Th1 skewing in the absence of SHIP and would account for the fact that the effect of SHIP deletion is particularly obvious in unstimulated conditions and less pronounced when cells are strongly polarized in vitro.
T-bet has been reported to be important for the generation of antigen-driven CD8 ϩ cytotoxic effector cells (29) , which is consistent with our data showing that increased T-bet expression in SHIP-deficient CD8 T cells correlates with more efficient cytotoxic responses by these cells. Overall these results reveal a role of SHIP in limiting Th1 type of responses both in CD4 ϩ and CD8 ϩ T cells. Finally, the analysis of mice with T cell-specific deletion of SHIP provides evidence of the importance of fine regulation of cytokine signaling in T cells in preventing skewing of T cells against a type 2 response or in modifying cytotoxic responses independently of the type and affinity of antigen that is subsequently engaged.
Methods
Mice and Reagents. The generation of SHIP fl/fl has been described (17) . Anti-SHIP1, Zap-70, ERK1/ERK2, phospho-ERK1/ERK2, and actin antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA); anti-PY and anti-PLC␥ 1 antibodies were from UBI (Lake Placid, NY); all other antibodies were from BD Biosciences PharMingen (San Diego, CA); and pPCC peptide (residues 88-104; KAERADLIAYLKQATAK) was synthesized by AnaSpec (San Jose, CA).
In Vitro Cell Assays. Cell activation, Western Blotting, and immunoprecipitation were carried out as previously described (32) . In brief, purified peripheral T cells (2 ϫ 10 7 ) were stimulated with 10 g/ml of biotinylated anti-CD3 or CD4 antibodies, followed by cross-linking with 20 g/ml of streptavidin for various time periods. For calcium influx assays, CD4 ϩ T cells were loaded with Fluo4 (5 g/ml) and FuraRed (5 g/ml) (Molecular Probes, Eugene, OR), and Ca2ϩ mobilization was expressed as the ratio of Fluo4/Fura. In Vitro Proliferation and in Vivo Expansion. T cells were isolated from the spleen and lymph nodes of 5-to 7-week-old mice by using a Pan T cell isolation kit or a CD4 ϩ isolation kit (Miltenyi Biotec, Auburn, CA). Purity of T cells was Ͼ95% in all cases. T cells were labeled with CFSE and stimulated for 72 h with plate-bound anti-CD3 (5 g/ml) and anti-CD28 (0.5 g/ml). After 72 h, cells were stained with propidium iodide and analyzed by FACS. To assay in vivo antigen-driven expansion, purified OT-I or OT-II T cells from CD4cre SHIP fl/fl and SHIP fl/fl mice were CFSE-labeled and transferred to a C57BL/6 host. The next day 200 g of ovalbumin was s.c. injected, and 2 days after the draining lymph nodes were harvested, stained with CD8 or CD4-Cychrome and V␣2-PE, and acquired by a FACSCalibur.
For the Th1/Th2 in vitro assay, CD4 ϩ T cells were stimulated with plate-bound anti-CD3 and anti-CD28 for 3 days under polarizing conditions. Th1 conditions included IL12 (10 ng/ml) and anti-IL4 (10 g/ml). Th2 conditions included IL4 (10 ng/ml) and anti-IL12 (10 g/ml). Cells were washed, expanded in IL2 (10 units per milliliter) for 4 days, and (1 ϫ 10 6 per milliliter) restimulated with plate-bound anti-CD3 for 24 h. Supernatants were collected at 24 h, and IL4, IL5, and IFN␥ concentrations were assessed.
Immunization and Serum Analysis. Mice were immunized with 50 g of NP-CGG in Imject Alum (Pierce Chemical, Rockford, IL) and pertussis toxin or 50 g of TNP-KLH with the MPLϩTDM System (Sigma-Aldrich, St. Louis, MO), and sera were tested by ELISA 1 and 2 weeks after immunization. Briefly, plates were coated with NP-BSA or TNP-BSA (10 g/ml; Biosearch Technologies, Novato, CA), and bound immunoglobulins were detected by alkaline phosphotase-conjugated detection antibodies to specific mouse isotypes (Southern Biotechnology Associates, Birmingham, AL).
GATA-3 and T-bet Expression by Real-Time PCR. Naive CD4
ϩ T cells (5 ϫ 10 5 ) were cultured for 24 h in 1 ml of RPMI in a 24-well plate with 1.25 ϫ 10 5 mitomycin C-treated P13.9 fibroblast cells stably expressing I-E k , CD80, and CD54, and preloaded with 0.001-1 M pPCC. Stimulated cells were lysed in TRIzol (Invitrogen, Carlsbad, CA), and total RNA was isolated by using the RNeasy Mini Kit (Qiagen, Valencia, CA). One microgram of total RNA was reversetranscribed by using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). Quantitative PCR was performed by using the real-time iCycler PCR platform (Bio-Rad). The sequences of primers for GATA-3 and T-bet are described previously (33) . The levels of 
